Abstract. The effects of temporal and spatial smoothing of wind forcing were evaluated in a model simulation of the tropical Pacific Ocean variability during the onset phase of the 1997/1998 E1 Nifio. A total of 16 experiments were performed using the NASA scatterometer wind data smoothed at time intervals from 1 to 30 days and on spatial scales from 1 ø to 10 ø. A major effect of the temporal smoothing of winds is to warm sea surface temperature (SST) by reducing the energy input for vertical turbulent mixing. When the daily wind forcing was replaced by the monthly average, the mean SST increased by 0.5 ø to 1 ø over most of the tropical Pacific. The spatial smoothing of winds is not as effective as the temporal smoothing in causing SST warming, but it has a more severe influence on dynamical ocean response for smoothing scales above 5 ø . The onset of the 1997/1998 E1 Nifio can be successfully simulated using the wind forcing averaged to monthly intervals and 2 ø squares. For climate models the spatial smoothing of wind forcing on scales larger than the width of the equatorial waveguide is a more serious limitation than the temporal smoothing on scales up to 1 month.
Introduction
The upper ocean dynamical and thermal structures are largely determined by the wind forcing at the ocean surface. Thus the numerical ocean models that attempt to simulate these structures have to include a good representation of wind stress as a surface boundary condition. However, because of the general lack of wind observations over the ocean, modelers usually have no choice but to resort to the wind products with relatively coarse spatial and temporal resolution. For example, the commonly used Florida State University (FSU) wind analysis [GoMenberg and O'Brien, 1981] is monthly in time and virtually 2 ø latitude by 10 ø longitude in space, which is typical for wind analyses based mainly on shipboard observations. Although some high-resolution wind data from buoys have occasionally been used to drive small-scale ocean models for a limited period of time [e.g., Chen and Wang, 1990 ], large-scale climate models are invariably forced with low-resolution wind products such as the FSU analysis.
The underlying assumption of our common practice with low-resolution wind data is that high-frequency, small-scale winds have insignificant influence on the low-frequency, largescale ocean variabilities. This might be true to some extent but is not likely to be generally applicable. rial and coastal waveguides. Of special interest here are the energetic Kelvin waves generated by the westerly wind bursts in the western equatorial Pacific. These waves have a strong downstream influence on the central and eastern part of the ocean and arguably may play an important role in the onset of El Nifio [Webster and Lukas, 1992; Kessler et al., 1995] . Since the westerly wind bursts have a duration of approximately 10 days, they could be smeared in monthly mean wind products, and the resulting Kelvin waves could be severely modified. It is not yet clear whether using monthly winds is sufficient for the climate models that aim at interannual or longer timescales. Intuitively, one might think that the predictive skill of E1 Nifio models could be degraded by having only low-resolution winds for initialization, but this seems at odds with the general success of such models.
Therefore it is necessary to quantify the sensitivity of ocean response, in terms of both dynamical and thermal fields, to the wind forcing with different temporal and spatial resolutions. The forcing sets can be either synthesized from the weather center analyses as in the studies mentioned above or, more realistically, constructed from real wind observations. The latter approach was not possible until recently, when satellitederived high-resolution winds became available. In this study we chose to employ the NASA scatterometer (NSCAT) wind data, binned into different spatial grids and time intervals for the 9-month period from October 1996 to June 1997, to drive a primitive equation model of the tropical Pacific Ocean. Because the study period covers the onset phase of the 1997/1998 E1 Nifio, during which the activities in the tropical Pacific were particularly rich, we were able to examine the impact of the wind-forcing resolution on various ocean variabilities, ranging from intraseasonal to interannual timescales.
Data and Model
The gridded wind fields used in this study are objectively interpolated from the NSCAT wind observations, with a tem- 
Results

Wind Forcing
The model was spun up with the monthly FSU winds from January 1961 to September 1996, and then the FSU winds were gradually switched to the NSCAT winds over a period of 1 
Model/Observation Comparison
In order to establish the credibility of our model, we need to demonstrate that the model could do a decent job, at least in the case where high-resolution wind forcing was applied. Here Generally speaking, the model was able to capture the observed variabilities of both dynamical and thermal fields during this period. It is fair to conclude that this model is realistic enough for the present study.
Sensitivity to Wind Resolution
The dynamical model responses to the wind forcing with 16 different resolutions are first compared in Figure 5 .-------.---.-.-..-...-.-.---..-.....--------- From what we have learned about the distribution of highfrequency winds (Figure 2) , we would expect the warming effect by temporal smoothing to be strong off the equator. The SST variance shown in Figure 6 is not a good measure of the average warming effect, which is better evaluated in Figure 7, where the 9-month mean SST differences from observations are depicted. In the case with the highest wind resolution the SST errors were less than 0.5 ø everywhere. The temporal smoothing caused a warming throughout the basin, generally with larger effect in the off-equatorial regions where highfrequency wind variability is strong. The mean SST was 0.5 ø to 1 ø too warm in the cases of monthly averaged winds. The warming pattern does not completely agree with that of the filtered high-frequency winds because vertical mixing also depends on other factors such as the mean mixed layer depth and the temperature gradient below the mixed layer. The spatial smoothing on scales larger than 5 ø also had a warming effect over most of the basin, especially in the ITCZ, but it seemed to have a cooling tendency in the eastern equatorial Pacific. The temporal smoothing of winds also modifies the dynamical ocean response, but the influence is mostly on the instantaneous rather than mean fields. As expected, the intraseasonal variability associated with the equatorial Kelvin waves was largely reduced by the monthly average of wind forcing.
For some relatively weak and isolated wind events, such as the westerly wind bursts in November and December 1996, the monthly averaging was so severe that the winds were no longer able to excite energetic Kelvin waves. However, for stronger and more organized wind events, such as the series of westerlies starting in March 1996, the monthly averaging reduced the amplitude of the Kelvin waves but did not diminish the collected effect of these waves. This probably explains why some models can successfully predict the 1997/1998 E1 Nifio by just using the monthly winds for initialization [e.g., Chen et al., this issue].
On the other hand, because of the relatively large spatial scales of winds, the spatial smoothing was not as effective as its tendency to warm SST was generally smaller. Not only that, the spatial smoothing on scales above 5 ø actually had a cooling effect in the eastern equatorial Pacific, which made the onset of the E1 Nifio less intense in the model. This effect is caused by the reduced thermocline deepening resulting from decreased downwelling Kelvin waves. Although the spatial smoothing had little effect on the appearances of these waves, it did reduce their amplitude. Here an important spatial scale is the width of the equatorial waveguide in which winds are most effective in generating the Kelvin waves. The difference between the spatial and temporal smoothing is that for a wind event centered near the equator, the former leaks energy out of the waveguide while the latter keeps it within and redistributes it over time.
In order to maintain the influence of the intraseasonal
Kelvin waves on the longer-term variabilities such as E1 Nifio, it is more important to preserve their collected energy than their individual characteristics. Therefore, for climate models, the spatial smoothing of wind forcing on scales larger than the width of the equatorial waveguide is a more serious limitation than the temporal smoothing on scales up to 1 month. The onset of the 1997/1998 E1 Nifio can be successfully simulated using the wind forcing averaged to monthly intervals and 2 ø squares. It should be pointed out that our intention here is to find some general guidance to determine the usable resolution of wind forcing rather than to evaluate the conventional lowresolution wind products. A more objective way for the latter is to construct a wind forcing set by subsampling the NSCAT data at the same time and location as the conventional data
and to compare the model responses to the subsampled and the full NSCAT wind forcing.
